Electronic transport in a nanoscopic magnetic tunnel junction with magnetic particles or magnetic impurity atoms/molecules embedded in the barrier is studied theoretically. The impurity Hamiltonian includes magnetic anisotropy of easy axis type with additional perpendicular term. The description takes into account both elastic tunneling processes as well as inelastic processes associated with a ip of electron spin.
Introduction
Magnetic tunnel junctions (MTJs) consisting of two thin layers of a ferromagnetic metal and separated by an ultrathin layer of insulating material exhibit a tunnel magnetoresistance (TMR) eect, associated with the change of magnetic conguration from parallel to antiparallel alignment [1] . Magnitude of the eect significantly depends on the insulating barrier. A very large TMR ratio has been found in MTJs with epitaxial MgO barriers [2] . In the later case, however, the TMR eect cannot be accounted for by the simple Julliere model, and the large TMR results rather from specic spin-ltering properties of the epitaxial MgO barrier [3] . Owing to the large TMR ratio, the MTJs with MgO tunnel barriers are considered currently as highly promising systems for various applications in spintronics devices and also in the information technology [4, 5] .
When a barrier is crystalline, and the interfaces between the barrier and electrodes are structurally perfect, electrons transmitted through the barrier conserve their wave vector component parallel to the barrier plane.
However, tunnel barriers are usually not defect-free and contain a number of impurities and other structural defects.
Here we consider the situation when the tunnel barrier includes magnetic impurities/nanoparticles in the following referred to also as magnetic impurities.
Electrons tunneling through the barrier can interact with the impurities, which leads to reversal of the electron spin. This, in turn, leads to a change in the magnetic state of these impurities. The main objective of this paper is a theoretical analysis of the inuence of magnetic impurities in the barrier on the charge and spin currents * corresponding author; e-mail: misiorny@amu.edu.pl due to electron tunneling. We consider a nanoscopic junction with a single magnetic impurity in the barrier.
Model
The total Hamiltonian H of the junction consists of three terms,
which describe the magnetic impurity, two external electrodes, and electron tunneling through the barrier, respectively. We assume that the highest occupied and lowest unoccupied levels of the magnetic impurity are suciently far from the Fermi level, so they do not take part in transport for bias voltages of interest. Thus, the charge state of the impurity is not changed when junction is biased, and electrons tunneling through the barrier can interact with the impurity by exchange interaction only.
Moreover, we assume that the magnetic impurity in an unbiased junction is described by a spin operator S, and the corresponding spin number S is also conserved. Thus, the impurity can be described by the giant-spin Hamiltonian [6, 7] :
where the rst and second terms describe the uniaxial and transverse magnetic anisotropy, respectively, with D and E denoting the corresponding anisotropy constants, and S ± = S x ± i S y being the spin ladder operators.
In the single-electron approximation, ferromagnetic electrodes can be described by the Hamiltonian
where ε q kσ is the single electron energy in the q-th electrode (q = L for the left electrode, and q = R for the right one), k stands for a wave vector, and σ is the electron spin index. Furthermore, a q † kσ ( a q kσ ) is the creation (annihilation) operator of an electron in the q-th electrode. Both electrodes are characterized by a spindependent density of electron states, ρ q σ (ε). In turn, magnetic properties of the q-th electrode can be described by the corresponding spin polarization factor p q , dened by densities of states at the Fermi level µ 0 as
In the framework of an eective tunneling Hamiltonian, electron transport between the electrodes can be described by the Hamiltonian [8] , 
where a dimensionless parameter νuanties the coupling of the magnetic impurity to the q-th electrode. Thus, K is the key barrier parameter [9, 10] , whereas α ex /α d describes relative strength of direct electron tunneling and tunneling with interaction between the electrons and impurity.
Without loss of generality, we assume that E ≥ 0. If E = 0, then the eigenstates of the magnetic impurity coincide with the eigenstates |m of the S z operator. On the other hand, the transverse anisotropy (E = 0) leads to mixing of the states corresponding to dierent m. As a result, each of the 2S + 1 eigenstates |χ of the Hamiltonian (1), H imp |χ = E χ |χ , is a linear combination of the eigenstates |m . Moreover, note that the eigenstates |χ are nondegenerate for integer S, while a twofold degeneracy (the Kramers doublets) survives for half-integer S [11] .
Transport characteristics
We assume weak coupling between the electrodes and the impurity. Charge and spin transport can be then de- 
and the spin current as
where ∆ χχ = ε χ − ε χ , and
In the above equations P χ is the probability of nding the magnetic impurity in the state |χ , and f qσ (ε)
is the FermiDirac distribution function, with T denoting the temperature of the system. Moreover, we use the notation |qkσ, χ ≡ |qkσ el ⊗|χ imp for the full state of the system. In turn, the transition rates W |i |j in the Fermi golden rule approximation are given by
where |i and |j are the initial and nal states of the system, respectively, while E i and E j denote the corresponding energies. Finally, the spin-dependent electrochemical potential of the q-th electrode can be written as µ q σ = µ 0 + eη q (δV + η σ δV s )/2, where η L(R) ≡ ±1, η ↑(↓) = ±1, while δV and δV s represent the voltage and spin bias, respectively.
Equations (4) and (5) involve both single-electrode (q = q ) and two-electrode (q = q ) processes. In order to make use of these equations one also needs to know the probabilities of nding the magnetic impurity in the state |χ , which can be determined from a set of the stationary master equations
for each χ, with the probability normalization condition χ P χ = 1. The transition rates γχχ between two dierent impurity states |χ and |χ , which accompany tunneling of a single electron between the electrodes q and q , are given by γχχ = kk σσ Γ |qkσ,χ |q k σ ,χ .
It is worth noting that Eqs. (4) and (5) are valid in the nonlinear regime. For our purpose, however, we will linearize these equations with respect to δV and δV s . Then, the charge and spin currents can be written as [12] : [13] . These formula are rather cumbersome and will not be presented here. Instead, we will present some numerical results.
Results and discussion
Now, we present numerical results on the inuence of the magnetic impurity on spin and charge transport.
Since G m s = ( /2e)G m and G is comparable to G s , we will present in the following only two of them, i.e. the electrical conductance G and the mixed conductance G m .
In Fig. 1 we show G and G m as a function of temperature and for indicated values of the parameter α ex from α ex = 0 (no impurity) to α ex = 1 and for uniaxial magnetic anisotropy (E = 0) of easy-axis (D > 0) and easyplane (D < 0) types. The conductances are normalized there to the corresponding values at T = 0.1 K, where the excited states of the magnetic impurity are not active in transport. For numerical calculations we assumed a magnetic impurity of an integer spin, S = 2, and also the uniaxial anisotropy constant |D| = 100 µeV, which is comparable to those observed for single magnetic molecules [6] and also for magnetic adatoms, e.g., Mn [14] . As one can expect, the eect of excited spin states on transport can be observed only at higher temperatures, k B T > ∼ ZFS, where ZFS stands for the zero eld splitting, which for D > 0 is given by ZFS D>0 = (2S − 1)D and for D < 0 by ZFS D<0 = |D|. Indeed, such a behavior is clearly seen in Fig. 1 , where the normalized conductance G is constant at low temperature and then grows as soon as the temperature becomes of the order of ZFS (marked by the vertical dashed lines in Fig. 1 ). Moreover, the increase in conductance is larger for larger α ex , as one could expect. As the electrical conductance G for D > 0 has a maximum at k B T ≈ ZFS D>0 , Fig. 1a , for D < 0 the conductance G increases monotonously with temperature, Fig. 1c . This behavior can be understood by taking into account temperature dependence of the population of impurity spin states, and also the fact that the lowest state for D > 0 corresponds to S z = ±S, while for D < 0 it corresponds to S z = 0. This dierence is also responsible for dierent behavior of the nondiagonal conductance G m with increasing T , as shown in Fig. 1b and Fig. 1d . However, there is now a qualitative dierence, as for k B T > ∼ ZFS the conductance G m grows with increasing temperature for D < 0 and decreases with increasing T for D > 0.
The numerical results presented in Fig. 1 are for parallel magnetic conguration. Similar results have been obtained also for the antiparallel magnetic conguration.
In the latter case the charge conductance G is smaller, which means that the tunnel magnetoresistance is positive (so-called normal TMR eect). As the magnetoresistance is constant at low temperatures, it becomes reduced for k B T > ∼ ZFS, i.e., when the excited spin states of the magnetic impurity start taking part in transport.
This behavior is physically reasonable since tunneling processes with spin reversal reduce the spin asymmetry responsible for the TMR eect. Similar behavior can be observed also in the case of the mixed conductance, where the dierence in G m for the parallel and antiparallel congurations diminishes with increasing T for k B T > ∼ ZFS.
Summary
We have analyzed the inuence of magnetic impurities embedded in the barrier on spin and charge transport in magnetic tunnel junctions. We have shown that the contribution of electron scattering on the magnetic impurities depends on the type of magnetic anisotropy.
Numerical results indicate that the electric conductance increases with temperature when the excited spin states start taking part in transport. This takes place when the thermal energy is comparable or lager than the zeroeld-splitting. However, the corresponding tunnel magnetoresistance decreases with increasing temperature for k B T > ∼ ZFS. Similar behavior has been also found for the nondiagonal conductance G m .
